We analyze the peculiarities induced by the torsional motion on the Raman spectra of the degenerate vibrational bands of ethane. Selection rules for the Raman transitions between the torsionally split energy levels are derived first in terms of symmetry arguments. Then, their associated intensities are calculated with a model for the torsional dependence of the molecular polarizability. New experimental spectra of the Raman degenerate bands of C 2 H 6 , some recorded in jet expansions, are also included and analyzed to show the current state of the problem.
I. INTRODUCTION
Ethane is a prototype molecule for the study of torsion, a sort of internal motion of remarkable complexity. Unlike rotation or vibration, the wave functions associated with torsion cannot be described in terms of simple analytical functions. Instead, Fourier series are required, often with a slow convergence. The torsional energy spectrum lacks from the regularities of the rigid rotor or harmonic oscillator approximations, and, in addition, the torsional periodic potential leads to tunnel splittings. Consequently, the fine structure of the spectra of molecules with torsional degrees of freedom is far more complex than that of semirigid molecules.
Ethane has a ''moderate'' ͑ϳ1000 cm Ϫ1 ͒ barrier to internal rotation. Thus, its torsional motion behaves, at low excitation, close to a vibrational mode. The torsional amplitude, however, increases rapidly with excitation, leading to increasingly larger splittings of the torsional sublevels. Hence, the vibrational infrared and Raman spectra of fundamental bands look at low resolution similar to those of semirigid molecules, and can thus be interpreted to a first approximation by means of a staggered molecular configuration of D 3d symmetry. But, at resolution high enough to reveal the tunneling splittings, the theoretical methods of nonrigid molecules become necessary for the interpretation of the wave numbers and intensities of the rotation/torsional fine structure. In particular, the permutation-inversion G 36 ϩ double group is necessary to account for perturbations of torsional nature which are allowed in floppy (G 36 ϩ ) ethane but have no equivalence in semirigid (D 3d ) ethane. For all these reasons, the interpretation of the vibrational bands of ethane has progressed slowly compared to other semirigid molecules of similar size.
Among the 11 fundamental ͑genuine͒ vibrations of C 2 H 6 , just the two lowest frequency bands, the IR 8 and analyzed, [9] [10] [11] are strongly perturbed. The low-resolution Raman spectra of 10 (E 2d )ϭ2968.69 cm Ϫ1 and 11 (E 2d )ϭ1468.1 cm Ϫ1 have been analyzed in the frame of a semirigid molecule model, 12 and the extremely weak 13 12 (E 2d ) fundamental has been reported at about 1196 cm Ϫ1 without any further interpretation. 14, 15 The high-resolution Raman spectra of the highly perturbed Fermi multiplet, u ϭ2951.501/ 2957.89 cm Ϫ1 and l ϭ2897.204 cm Ϫ1 , related to the fundamental 1 (A 1s ), has been the subject of a preliminary analysis. 16 The remaining fundamental 2 (A 1s ) ϭ1397 cm Ϫ1 , though Raman allowed, is very weak and appears overlapped by the much stronger rotational structure of 11 (E 2d ); its wave number is indirectly known from the 2 Ϫ 3 difference band. 17 In addition to these 11 fundamental bands, the torsional combinations 11 ϩ 4 and 12 ϩ 4 have been partially analyzed, 6, 18 and several other overtones, combinations, and difference bands have been reported. 8, 15, [19] [20] [21] [22] [23] In turn, vibrational intensities of ethane have received much less attention: Raman 13, 24 and IR intensities 25 have been interpreted by means of parametric descriptions and by ab initio methods 26 in the frame of a semirigid model.
Many spectral peculiarities of ethane related with the torsional motion have been considered in the cited literature, or in several relevant theoretical works. [27] [28] [29] [30] The torsional Raman 17, 31 and IR 32 spectra of ethane, including its intensities, 33 have been analyzed in detail. Other aspects, like the rotation-torsion-vibration Raman selection rules of ethanelike molecules, 29 or the torsional dependence of Raman tensors, though recognized long ago, 34 have not been treated before in much detail. The main purpose of the present work is to show the peculiarities induced by the torsional motion on the Raman spectra of the degenerate vibrational bands of ethane. Eventually, we intend to trace, through the Raman intensities, the conceptual transition from D 3d description of ethane to the G 36 ϩ one. This leads to some interesting relations between the intensities of degenerate bands related by an arbritrary torsional excitation. Some new experimental material is also included to illustrate the state of the art of the problem.
II. THEORY

A. Raman cross sections and selection rules
The vibrational-torsional-rotational energy levels of ethane will be denoted as (V,T,R), where V ϭ͕v 1 ͖ stands for the set of vibrational quantum numbers, Tϭ͕v 4 ͖ for the torsional quantum number v 4 , and its symmetry label ϭA 1s , E 3d , E 3s , A 3d for v 4 ϭeven, or ϭA 1d , E 3s , E 3d , A 3s for v 4 ϭodd; Rϭ͕Jk͖ are the symmetric top rotational quantum numbers other than m.
Under a 90°scattering geometry ͓X(M N)Z͔, with M N ϭY Y , or M NϭY X, the differential Raman cross section for a transition between two vibrational-torsional-rotational levels of ethane, of energies E VTR and E V Ј T Ј R Ј and wave functions ͉VTR͘ and ͉VЈTЈRЈ͘, is given by
expression valid under the usual conditions of nonresonant excitation of Raman scattering, assuming the gas sample to be in thermal equilibrium at the temperature ⌰; ⑀ 0 ϭ8.854 19•10 Ϫ12 CV Ϫ1 m Ϫ1 is the permittivity of vacuum, 0 the wave number of the exciting radiation, ϭ(E V Ј T Ј R Ј ϪE VTR )/hc the wave number of the Raman shift, and g VTR the statistical weight of ͉VTR͘ due to nuclear spin degeneracy; k B is Boltzmann's constant, Z(⌰) the partition function at the temperature ⌰, and
the scattering strength for the irreducible component ␣ (ᐉ) of the molecular polarizability tensor, with ϭ⌬kϭkЈϪk.
Equations ͑1͒ and ͑2͒ hold for an exciting wave number 0 far from resonant conditions. The molecular polarizability tensor may then be considered symmetric, and its spherically irreducible components ␣ (ᐉ) in Eq. ͑2͒ become
when expressed in terms of the Cartesian elements.
From Eq. ͑2͒ it can be noticed that rotational selection rules are determined by the nonvanishing conditions of the 3-j symbol, while the vibrational and torsional selection rules come altogether from the ͗VЈTЈ͉␣ (ᐉ) ͉VT͘ transition moments. In semirigid molecules the elements ␣ (ᐉ) depend only on the normal coordinates, q, but in ethane they are functions simultaneously of the q's, and of the torsional coordinate ␥, defined in Fig. 1 . This difference has important consequences, for the resulting Raman selection rules are not the same in the D 3d point group ͑semirigid molecule͒ than in the G 36 ϩ double group ͑floppy molecule͒. The vibrational and torsional selection rules for the G 36 ϩ group may be derived with aid of the power series expansion
in terms of the 3NϪ7ϭ17 vibrational normal coordinates ͑dimensionless͒ q i defined below. In Eq. ͑4͒ the convention of summing over repeated subindices is implicit. The coefficients (␣ (ᐉ) ) ␥ , ‫␣ץ(‬ (ᐉ) /‫ץ‬q i ) ␥ , and ‫ץ(‬ 2 ␣ (ᐉ) /‫ץ‬q i ‫ץ‬q j ) ␥ , in the power series are functions of the torsional angle ␥, a periodic variable. They may thus be expressed as a Fourier series of the generic form
Group theory establishes which coefficients C (n) or S (n) are nonzero by symmetry: For each particular derivative of the irreducible polarizability element, each term in the righthand side of Eq. ͑4͒ must have the same symmetry as the left-hand side. This implies that FIG. 1. Local axis system of the top (x t ,y t ,z t ), frame (x f ,y f ,z f ), and molecular axis system (X,Y ,Z) of ethane, and definition of torsional angle ␥ used in the present work.
The allowed symmetries of the left-hand side on Eq. ͑6͒ are known from the character table 27 of the group G 36 ϩ : 2) )ϭE 2d , and ⌫(␣ Ϯ2 (2) ) ϭE 1s . In turn, the symmetries of the functions cos n␥ and sin n␥, required for the full exploitation of Eq. ͑6͒, are given in Table I . On the other hand, the symmetry of the 17 normal coordinates q i of C 2 H 6 satisfies
with mϭ0, 1, 2, or 3, not fixed a priori by symmetry. With these constraints in mind, the periodic functional dependence of ‫␣ץ(‬ (ᐉ) /‫ץ‬q i ) ␥ , and ‫ץ(‬ 2 ␣ (ᐉ) /‫ץ‬q i ‫ץ‬q j ) ␥ on the torsional angle is deduced from the symmetry compatibility Eq. ͑6͒. The result is summarized in Table II. The degenerate vibrations of ethanelike molecules can be seen to occur into ''pairs'' of analog motions, 35 close in frequency; in C 2 H 6 they are: the two asymmetric CH stretchings 7 and 10 , the two asymmetric HCH bendings 8 and 11 , and the two methyl rockings 9 and 12 . One component of each pair is IR active and the other is Raman active in a semirigid model. Actually, the two components of the pair are combinations of degenerate vibrations of top and frame, one symmetric and the other antisymmetric with respect to the interchange of the two halves of the molecule.
It must be emphasized here that the symmetry of the degenerate normal coordinates of ethane cannot be determined unambiguously on the sole basis of symmetry arguments, a peculiarity of molecules with internal rotation. The choice between (E 1d E 2d ) and (E 1s E 2s ) in Eq. ͑7͒ depends on the vibrational potential function 36 or, to be more precise, on the way it changes with the torsional angle. From the analysis of the subtle torsional splittings of the IR-active fundamentals of C 2 H 6 , the G 36 ϩ symmetries ⌫͑q 7 ͒ϭ⌫͑ q 8 ͒ϭ⌫͑ q 9 ͒ϭE 1d , ͑8͒ ⌫͑q 10 ͒ϭ⌫͑ q 11 ͒ϭ⌫͑ q 12 ͒ϭE 2d , have been proposed 37 for the six degenerate normal coordinates of C 2 H 6 . These symmetries will be used throughout this paper.
Substituting the power series expansion ͑4͒ into Eq. ͑2͒, and taking account of Table II, the vibrational-torsional selection rules are obtained from the condition
The resulting 32 vibrational-torsional-rotational selection rules for Raman transitions involving degenerate modes, and an arbritrary number of torsional excitation, are summarized in Table III . The transition patterns emerging from these selection rules are intricate and do not seem amenable to further simplification. Indeed, the actual transition patterns are still more involved due to the z -Coriolis splitting of the double degenerate vibrational levels. Figure 2 displays the scheme of rotation-torsional energy levels for degenerate vibrational states of E 1d and E 2d symmetry, and arbitrary torsional excitations. For every vibrational-torsional-rotational energy level ͑solid lines͒, the following symmetries are given: symmetry of the torsional wave function ⌫ TOR in the left column, symmetry of the rotational wave function ⌫ ROT on the bottom line, and 
symmetry of the total vibrational-torsional-rotational wave function ⌫ VTR on top of each level, along with its statistical weight ͑in parentheses͒ for 12 C 2 H 6 . Dotted lines represent nonacceptable combinations of rotational and torsional wave functions, and are depicted only to show the staggering of torsional levels for different parities of k.
It should be noticed that the same four schemes of Fig. 2 would occur if the symmetry of the pair of vibrational coordinates were E 1s ϩE 2s instead of E 1d ϩE 2d , but rearranged this way: ͑a͒ E 1s , v 4 ϭeven; ͑b͒ E 1s , v 4 ϭodd; ͑c͒ E 2s , v 4 ϭeven; and ͑d͒ E 2s , v 4 ϭodd; i.e., the even/odd character of v 4 is reversed in going from a E d vibrational symmetry to a E s one. Thus, in practical terms, the main difference between an E 1s ϩE 2s pair and an E 1d ϩE 2d one is the ordering of the torsional splittings. This property was used 37 in the IR spectrum to determine the symmetry in G 36 ϩ of the 6 degenerate vibrations of C 2 H 6 .
In Fig. 3 , the ⌬kϭϮ1 and ⌬kϭϮ2 Raman active transitions of a fundamental band of E 2d symmetry are shown. It can be noticed in Fig. 3͑a͒ that ⌬kϭϮ1 transitions always connect states with the same torsional wave functions. Thus, the torsional splitting of a vibrotational transition is the difference of the torsional splittings of the initial and final states. On the contrary, in Fig. 3͑b͒ , the ⌬kϭϮ2 transitions connect the lower component of the torsional manifold in the initial state with the upper one in the final; thus, the torsional splitting of the transition is the sum of the torsional splittings of the involved vibrational states. Figures 3͑a͒ and 3͑b͒ display, respectively, the selection rules number 9 and 13 of Table III .
B. Torsional-dependent Raman tensors
The selection rules on Table III state whether a particular vibrational-torsional-rotational transition is allowed by symmetry, but do not provide any clue about the expected intensity. According to Eqs. ͑1͒-͑4͒, this information can only be deduced from the quantities (␣ (ᐉ) ) ␥ for transitions within the same vibrational state, from ‫␣ץ(‬ (ᐉ) /‫ץ‬q i ) ␥ for a fundamental transition, and from ‫ץ(‬ 2 ␣ (ᐉ) /‫ץ‬q i ‫ץ‬q j ) ␥ , for an overtone or combination transition. A procedure to calculate the first derivatives of the torsional-dependent Raman tensors is described next. 4 and v 4 Ј ; ⌬Jϭ0, Ϯ1, Ϯ2 for all transitions; ‫␣ץ(‬ (ᐉ) /‫ץ‬q i ) ␥ is the polarizability component responsible for the Raman intensity, with its torsional dependence and symmetry in G 36 ϩ indicated in squared brackets;
eϭeven, oϭodd parity. For convenience, the problem of obtaining the numerical values of ‫␣ץ(‬ (ᐉ) /‫ץ‬q i ) ␥ 's will be carried out in two steps. First, the derivatives ‫␣ץ(‬ (ᐉ) /‫ץ‬S) ␥ will be obtained with respect to a set of symmetry coordinates S. Subsequently, these derivatives will be transformed into the ‫␣ץ(‬ (ᐉ) /‫ץ‬q i ) ␥ 's by means of the vibrational eigenvector transformation described below.
Raman tensors in symmetry coordinates representation
For the purpose of modeling the molecular polarizability tensor ͑␣͒ of ethane, we shall consider it as the sum of the contributions from two identical fragments of local symmetry C 3v . One fragment ͑t͒ stands for the top of the molecule, and the other ͑f͒, for the frame. This additivity may be expressed as
where ␣ t and ␣ f are the polarizability tensors of the fragments, referred to their local axis systems (x t ,y t ,z t ) and (x f ,y f ,z f ), shown in Fig. 1 ; T t and T f , defined as
Rotational-torsional level scheme of ethane for a degenerate vibrational level of symmetry ⌫ vib . The ordering of the ϩᐉ and Ϫᐉ components of the z-Coriolis splitting shown here is for z Ͼ0; for z Ͻ0 this order is reversed. For the notation of vibrational-torsional-rotational energy levels and z-Coriolis splittings, see the text. These schemes also hold for vibrational symmetries E 1s and E 2s with the following correspondence: ͑a͒ ⌫ vib ϭE 1s , v 4 ϭeven; ͑b͒ ⌫ vib ϭE 1s , v 4 ϭodd; ͑c͒ ⌫ vib ϭE 2s , v 4 ϭeven; ͑d͒ ⌫ vib ϭE 2s , v 4 ϭodd. are the direction cosines matrices between the local axis systems of the fragments top and frame, and the molecule fixed system (X,Y ,Z). It should be noted that orientation of the local axis systems used here ͑Fig. 1͒ differs from that used in the literature 29, 30, 36 in order to preserve formally the equivalence of the tensorial properties of the two fragments, like the polarizability.
The derivatives of the molecular polarizability with respect to the symmetry coordinates S of Table IV may then be expressed as
For the present purpose, ‫␣ץ‬ t /‫ץ‬S and ‫␣ץ‬ f /‫ץ‬S must be expressed in terms of the internal coordinates (r tx ,r ty ,r f x ,r f y ), (␣ tx ,␣ ty ,␣ f x ,␣ f y ), (␤ tx ,␤ ty ,␤ f x ,␤ f y ) of the two fragments of the molecule, defined at the bottom of Table IV . For instance, for the derivatives of the polarizability of the fragment ''top'' with respect to any of the symmetry coordinates S 7a , S 7b , S 10a , or S 10b , which depend on the C-H stretching coordinates r's, we have
and similar expressions for the derivatives ‫␣ץ‬ f /‫ץ‬S of the fragment ''frame.'' The last two terms in Eq. ͑13͒ mixing the derivative of the top with a coordinate of the frame may be neglected because they are expected to be very small. Expressions analogous to that in Eq. ͑13͒ hold for the frame and for the other symmetry coordinates of Table IV depending on the H-C-H bendings ͑␣'s͒, and on the H-C-C bendings ͑␤'s͒.
The internal coordinates r t j 's, ␣ t j 's, ␤ t j 's and r f j 's, ␣ f j 's, ␤ f j 's, with jϭx,y, defined at the bottom of Table IV have been chosen in such a way that they are well-oriented pairs of degenerate E-symmetry coordinates in the methyl groups. Thus, the local Raman tensors for the top and frame methyl groups are
for the stretching coordinates, and similar ones for the bending coordinates, ␣ t j 's, ␤ t j 's and ␣ f j 's, ␤ f j 's defined in Table  IV , replacing r by ␣, or by ␤.
Introducing the coefficients of the symmetry coordinates S i of Table IV into Eqs. ͑13͒-͑15͒, the Raman tensors for the whole molecule
Ϫd cos 3␥ 0 
Raman tensors in normal coordinates representation
Symmetry coordinates S i and dimensionless normal coordinates q j are related by
where L i j are elements of the vibrational eigenvector L matrix. Consequently, the derivatives of the molecular polarizability are related in the form
TABLE IV. Symmetry coordinates for degenerate modes of ethane; a ϭ1 Å is a length scaling factor.
For the degenerate coordinates of C 2 H 6 indices i and j run from 7 to 12. Index ϭa,b stands for the two components of a degenerate pair. Bunker 29, 36 has discussed the vibrational GF problem for ethanelike molecules. According to his description, symmetry coordinates, L matrix, and normal coordinates of non-rigid ethane, depend on the torsional angle. In particular, the L matrix consists of four ͑3ϫ3͒ blocks of A 1s or A 3s symmetry expressable as Fourier series in the form
The constant terms L i j are known from ab initio calculations and empirical force fields 38 with a reasonably degree of confidence. On the contrary, the terms l i j (n) are not known so far. In ethane they are expected to be one order of magnitude smaller than the corresponding L i j 's, or even smaller, by virtue of the relatively high torsional barrier. Setting Eqs. ͑16͒ and ͑17͒ into Eq. ͑19͒, and taking into account Eq. ͑20͒, the following nonzero Cartesian components of the ␥-dependent Raman tensors are obtained: 
with 
with
P i ϭͱ2͑L 10i e r ϩL 11i e ␣ ϩL 12i e ␤ ͒, ͑27͒
determined by the constant terms of the L matrix and the polarizability parameters of the methyl group. As can be checked from the definition of the irreducible components of the polarizability in Eq. ͑3͒, the resulting torsional dependence of the Raman tensors is consistent with that predicted on the sole basis of symmetry ͑Table II͒. In Eqs. ͑21͒ to ͑25͒, the coefficients f i (n) and g i (n) depend on the elements l i j (n) of the ␥-dependent L-matrix ͓Eq. ͑20͔͒. In C 2 H 6 they are expected to be much smaller than the terms M i , N i , and P i , and will be neglected in the forthcoming discussion. The following derivatives of the irreducible components are then obtained:
͑iii͒ E 1d normal modes q i ϭq 7 , q 8 , q 9 , with ϭa,b
͑iv͒ E 2d normal modes q i ϭq 10 , q 11 , q 12 , with ϭa,b
Due to the torsional dependence of the quantities of Eqs. 
in the basis of the free rotor functions ͉L͘ϭN Ϫ1 exp(iL␥), following the procedure of Ref. 17 .
At this point it is worth discussing the symmetry properties of the torsional-dependent Raman tensors, in order to trace the conceptual transition from D 3d to G 36 ϩ . Raman active degenerate vibrations of C 2 H 6 , and the polarizability components ␣ Ϯ1
(2) and ␣ Ϯ2 (2) , belong to the E g species in D 3d , 27 so that two series of transitions ⌬kϭϮ1 and ⌬k ϭϮ2 are expected in the spectrum, each series with an intensity given by an independent component ‫␣ץ(‬ Ϯ1 (2) /‫ץ‬q) 2 and ‫␣ץ(‬ Ϯ2
(2) /‫ץ‬q) 2 , whose ratio is constant for a given band. On the contrary, ␣ Ϯ1
(2) and ␣ Ϯ2 (2) transform like different degenerate representations (E 2d and E 1s ) in G 36 ϩ , 27 so that the selection rules for a given degenerate vibrational band of ethane are apparently ⌬kϭϮ1 or ⌬kϭϮ2, but not both, depending on whether the vibration belongs to the E 2d or E 1s species of G 36 ϩ . As a matter of fact, the analysis of 10 and 11 by Lepard et al. 12 showed that both series of sub-branches ⌬k ϭϮ1 and ⌬kϭϮ2 were present in the spectrum of these two bands.
This apparent contradiction is overcome when the torsional dependence of the Raman tensors is taken into account. For a (E 1d ,E 2d ) pair of normal modes, several conclusions can be drawn from Eqs. ͑28͒ to ͑31͒. First, the only constant term ͑i.e., independent from ␥͒ is that of ␣ Ϯ1 (2) of the E 2d symmetry. This is the meaning to be attributed to the notation in the Character ϩ , were active in IR but not in Raman, become allowed in Raman with rotational selection rules ⌬kϭϮ1 and ⌬kϭϮ2, through the terms in sin 6␥ and cos 3␥. The terms in ␥ mean that these transitions involve a simultaneous change in the torsional state, but because of the different symmetry of the ␥ functions, these torsional transitions are different for the E 2d modes than for the E 1d , as can be checked with the transition moments in Table V: in the E 2d case, they imply ⌬v 4 ϭ0, but connect A 1s ↔A 3d , A 3s ↔A 1d , and E 3s ↔E 3d , i.e., there is a change in the torsional wave function but within the same torsional quantum number v 4 ; on the contrary, in the E 1d case, they necessarily convey a ⌬v 4 ϭϮ1 change, thus becoming allowed in the form of a torsional combination or difference band, (Ϯ 4 ), as expected in the D 3d description.
Furthermore, according to the model for the torsional dependence of the Raman tensors just described, the intensity of the ␣ Ϯ2 (2) component of an E g mode in D 3d is ''split'' into the E 1d ͑IR͒ and the E 2d ͑Raman͒ modes in G 36 ϩ . Thus, we can look at this situation in terms of the IR modes ''borrowing'' some intensity from the Raman ones when the torsional motion departs from a small amplitude vibration. This poses a relation between the intensity of a Raman degenerate vibrational band and the combination or difference of its IR counterpart with the torsional mode, that can be used to check the applicability of the model.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Instrumentation
The Raman spectra shown below have been recorded with a high-sensitivity instrument. 39 It is equipped with a low noise CCD detector ͑512ϫ512 pixels, 19ϫ19 m 2 pixel size͒ refrigerated by liquid N 2 , and a computer controlled scanning/data acquisition system which allows spectral accu- mulation without loss of resolution. The detection threshold is about 1 ppm, referred to a gas at standard temperature and pressure, using 1 W exciting cw-laser power at 514.5 nm. The spectral resolution of the instrument is on the order of 0.2 cm
Ϫ1
. The large sample chamber of 42ϫ42ϫ24 cm 3 , manufactured in aluminum, and blackened inside to reduce stray radiation, allows recording two sorts of Raman spectra ͑i͒ from gases under supersonic jet conditions, in the temperature range 5ϽTϽ100 K, and ͑ii͒ from static gases in the pressure range 0.1Ͻ P Ͻ200 kPa.
The first sort of spectra can just be recorded for intense Raman bands, due to the signal limitation imposed by the rarefaction proper of supersonic expansions. In the present case, among the degenerate bands of C 2 H 6 , only 10 and 11 are intense enough to be recorded under expansion conditions in a wide thermal range. In order to extend this range down to the lowest temperatures, besides pure C 2 H 6 ͑Air Liquide, 99.4% stated purity͒, mixtures of 50%, 20%, and 5% of C 2 H 6 in He were expanded through a nozzle of diameter D ϭ300 m, under stagnation temperature of 295 K and pressure of 100 kPa. The other bands investigated, namely 12 , 7 ϩ 4 , 8 ϩ 4 , 11 ϩ 12 , and 8 ϩ2 4 Ϫ 9 , are at least two orders of magnitude weaker than 10 , and were not amenable to observation under supersonic expansion. Their Raman spectra were recorded at a pressure of 10 kPa in order to reduce the pressure broadening.
Wave numbers were calibrated either with emision lines of Ne, or with the S(1) Raman line of O 2 at 1570.53 cm Ϫ1 . 40 The estimated accuracy is Ϯ0.1 cm
. B. 10 "E 2d …, 11 "E 2d …, and 12 "E 2d … fundamental bands
The Raman spectra of 10 and 11 bands of ethane were investigated in some detail in the prelaser era:
12 they were recorded photographically with an exposure time of about 70 h, at a sample pressure of one atmosphere. In the prelaser spectrum of 10 , a large number of rotation-vibration lines were overlapped by the strong Q branches of u at 2954 cm
, and of l at 2898 cm Ϫ1 , of the Fermi resonance of 1 . 16 The prelaser spectrum of 11 was somewhat better. In spite of the relatively modest signal-to-noise ratio, and of the low resolution caused by pressure broadening, a rather complete analysis of the spectra of 10 and 11 was accomplished. 12 However, doubts remained about the vibrational origin of both bands, which could be misassigned by Ϯ1 unit of the quantum number k. Further, the ratio of transition moments
͑referred to in Ref. 12 as C Ϯ2 :C Ϯ1 ) was defined in the frame of a D 3d point group, i.e., ommitting the angular dependence in ␥; prelaser values of R i were not expected to be determined accurately neither for 10 , nor for 11 , due to the low signal-to-noise ratio of the photographically recorded spectra.
We report here the 10 and 11 bands recorded with improved experimental conditions: at room temperature and pressure of 10 kPa, and under supersonic expansion, at temperatures ranging from ϳ100 K down to 13 K. The low temperature spectra were aimed to remove any ambiguity about the band origin. Some representative spectra of 10 
for the energies of the rotation-vibration levels. This simulation allowed some molecular constants of the band to be fitted to the experimental spectrum. The results are shown in Table VI . As shown in Fig. 5 , a reasonably good simulation of the spectrum of 10 at a temperature of Tϭ13 K is possible on the basis of the parameters of Table VI. At temperatures above 50 K, the population of levels involving higher J values becomes dominant and the simulation becomes poorer, with evidence of local perturbations. Nonetheless, it was possible to obtain the A 10 , B 10 , and 10 z constants from fits of the low temperature spectra, and to confirm unambiguously the band origin. Our analysis, summarized in Table VI ͑rows for 10 ) largely confirms that of Lepard et al. 12 From the ratio R 10 ϭ0.6Ϯ0.2, defined in Eq. ͑33͒, jointly with the absolute cross section 13 of 10 , one obtains the numerical values of the main coefficients of the Raman tensors defined in Eqs. ͑24͒ and ͑25͒
The 10 , 11 , and 12 bands obey the selection rules number 9 and 13 of Table III , shown in detail in Fig 3. The expected torsional splittings cannot be resolved under the present experimental conditions. However, the ͑unperturbed͒ high resolution pattern can be predicted with the aid of Figs. 2 and 3. As shown in Fig. 6͑a͒ , the transitions J, k→JЈ, k Ϯ2 are expected to consist of torsional doublets separated by approximately 6Xϭ0.011 cm Ϫ1 , with the ratio of intensities and the ordering of the splitting components depending on the quantum number k of the initial level of the transition. On the contrary, for J, k→JЈ, kϮ1 transitions, the torsional splittings are expected to be much smaller, just due to the difference of the effective torsional barrier between the ground and the vibrational level 10 . Thus, the order shown in Fig. 6͑b͒ is uncertain, and could be globally reversed. Rotational and torsional perturbations can modify this pattern, even lifting the A 1 /A 2 or E 3 /E 4 degeneracies in Fig. 3 . In particular, the Coriolis perturbation of 10 by the nearby 1 fundamental can be expected through the 1,10 xy term. The Raman spectra of 11 are shown in Fig. 7 ͑room temperature͒ and Fig. 8 ͑23 K͒. These and other spectra at intermediate temperatures were analyzed in a similar way to 10 , just discussed. The results are included in Table VI . From the fits it was possible to determine the band origin and the rotational constants A 11 and B 11 ; 11 z was fixed at the value from the analysis of the IR combination 18 11 ϩ 4 . From R 11 ϭ0.34Ϯ0.15, jointly with the absolute cross section 13 of 11 , one obtains
Some assignments of prominent peaks, calculated from the molecular constants of Table VI are indicated in Figs. 7 and 8: positions of Q K sub-branches and the result of accidental piling up of R S K (J) transitions with the same value of (Jϩ2K). Due to the negative sign of the Coriolis 11 z constant, it should be noticed that the order of the ϩl and Ϫl components of the energy levels of 11 is reversed with respect to Figs. 2 and 3 . The Raman spectrum in the region of the 12 band is shown in Fig. 9 . For the 12 band, barely investigated before, present analysis provides strong evidence that its previous assignment 13, 15 was not correct. As shown in Fig. 9 , the broad peak at Ӎ1190 cm Ϫ1 previously assigned as 12 , turns out to be completely polarized. Thus, it cannot be assigned to a degenerate fundamental band. It may be better assigned to the difference band ( 8 ϩ2 4 )Ϫ 9 , analyzed below in some detail. The actual 12 band is the broad underlying structure seen in Fig. 9͑b͒ with average spacing of ⌬ϭ10.22 cm Ϫ1 between consecutive peaks. This spacing is consistent with that of the O Q K and S Q K sub-branches for a Coriolis constant of 0.40, close to the value 12 z ϭ0.4063 derived 6 from the analysis of the IR spectrum of 12 ϩ 4 . From the fit to the experimental spectrum shown in Fig. 9͑b͒  the 12 z constant and the band origin were obtained, as reported in Table VI . However, due to the extremely low intensity of 12 , and the overlapping of the broad feature centered at ϳ1190 cm Ϫ1 , it is not possible from present spectra to determine unambiguously the band origin. We propose
with nϭ0, or 1, or 2. The cross section of 12 is estimated to be about one fourth of the very small value reported earlier. 13 8 , and M 9 given above, along with the square of the torsional transition moment ͗0͉cos 3␥͉1Ј͘ given in Table V .
On this basis, we obtain for 7 (E 1d )ϩ 4 a cross section that is 0.035 of the nearby 10 (E 2d ) band. In Fig. 10 band. ͓Y Y ͔ϩ͓Y X͔ scattering geometry excited with 2 Wϩmultipass at 514.5 nm. Average of 9 scans in ϳ4 h total acquisition time, using 100 mϵ0.76 cm Ϫ1 spectral slit. CCD binning: 3ϫ256 pixels. ͑1͒ and ͑2͒ tentatively assigned as 2 2 ϩ2 4 and 3 ϩ2 12 , respectively. 7 z ϭ0.128. In Fig. 10 , the simulated spectrum of 7 ϩ 4 , resulting from a fit to the experimental spectrum, is also shown. The following molecular constants for 7 ϩ 4 are determined from the fit:
This origin is, however, uncertain by Ϯ⌬ or Ϯ2⌬, due to the low signal to noise ratio of the experimental spectrum. We thus conclude that this band may be attributed to 7 (E 1d ) ϩ 4 , instead of the previously proposed assignment as the S S K of 10 band, 15 or as the S S K of 1 band. 42 The experimental intensity for 7 (E 1d )ϩ 4 appears to be somewhat weaker than predicted, but the determination of the baseline is uncertain.
By the same token, the counterpart band 8 , should be still much weaker then the previous bands due to the very small value of M 9 .
The corresponding torsional hot bands, with origins at 7 (E 1d )Ϫ 4 Ӎ2696, 8 (E 1d )Ϫ 4 Ӎ1182, and 9 (E 1d )Ϫ 4 Ӎ533 cm Ϫ1 , should display a similar structure of O,S Q K branches as their counterpart combination bands discussed above, with intensities weaker by a population factor F ϭexp(Ϫhc 4 /k B ⌰)ϭ0.24 at room temperature. According to Table III, the selection rules for these bands are 2 and 6. D. 11 "E 2d …¿ 12 "E 2d … combination band
In Fig. 11 , the Raman spectrum of ethane in the region 2500-2750 cm Ϫ1 is shown. The 11 (E 2d )ϩ 12 (E 2d ) band, expected in this region, has three components: ( 11 ϩ 12 ) A 1s and ( 11 ϩ 12 ) E 1s , which are Raman active, and the inactive one ( 11 ϩ 12 ) A 2s . The ( 11 ϩ 12 ) A 1s component is expected to have a sharp and very weak Q branch 24 that may be tentatively assigned in Fig. 11 as the peak ͑2͒ at about 2661 cm
The simulated spectrum compares reasonably well with the experimental one, as shown in Fig. 9 . In addition, each Q Q K branch should be split into one ''A'' and one ''E'' sub-branch, due to the large torsional splitting expected for the final state ( 8 ϩ2 4 ) with two quanta of torsional excitation. Assuming a torsional behavior in 8 like in the ground vibrational state, the splitting between A/E components is ϳ3.9 cm Ϫ1 , and would be noticeable even in the low resolution spectrum of Fig. 9 . However, in the simulation of Fig. 9 no torsional splitting was included, which is an indication that in the combination state ( 8 ϩ2 4 ) it is smaller than expected.
There is some evidence in the literature that the torsional motion in degenerate vibrational states in ethanelike molecules is not as simple as in nondegenerate states. From the analysis 18 of the IR combination ( 11 ϩ 4 ), the torsional splitting in that state was found smaller than with the same torsional excitation in the ground vibrational state, and that was attributed to an increased barrier in the torsional potential. This problem has been treated in some detail by di Lauro et al. 43, 35 In particular, they showed that the torsional splitting in those degenerate states is the combined effect of the torsional motion itself plus the interaction between pairs of degenerate vibrations from top and frame fragments. The torsional splitting is especially sensitive to those interactions when the Coriolis z constant is close to Ϫ0.5, the value where the torsional splitting tends to zero and changes sign, going from E 1d /E 2d description to a E 1s /E 2s one. In summary, 7 (E 1d ), 8 (E 1d ), and 9 (E 1d ) bands, though permitted by symmetry in the Raman spectrum of floppy ethane, may be expected to be exceedingly weak. Indeed, no evidence of these bands has been found under the present experimental conditions. But, this is not the case when the torsional potential barrier is much smaller, like in CH 3 CCCH 3 , as commented below.
IV. CONCLUDING REMARKS
We have shown the detailed selection rules for the Raman-active transitions in C 2 H 6 from the ground state to a degenerate vibrational state, and between two degenerate vibrational states. In both cases, a complex structure of the rotational-torsional energy levels is involved. The Raman spectra of some bands of C 2 H 6 concerning these transitions have been recorded with probably the best sensitivity available today. Spectra are reported for the three fundamental bands 10 , 11 , and 12 , plus the degenerate combinations 7 ϩ 4 , ( 8 ϩ 11 )(E), and the difference ( 8 ϩ2 4 )Ϫ 9 involving two degenerate states.
In the case of the intense 10 and 11 bands, spectra have been also recorded at temperatures in the range 13-80 K in supersonic expansions of both pure C 2 H 6 and mixtures with He. From these cold spectra the band origins have been unambiguously determined, as well as several molecular constants. The combinations 7 ϩ 4 and ( 8 ϩ 11 )(E) have been assigned for the first time on the basis of the spacing of the prominent O,S Q K peaks, and the Coriolis z constants determined. The analysis of the region of the 12 fundamental band have allowed to measure the 12 z constant, to date only indirectly known from the IR combination 12 ϩ 4 . However, the strongest feature in this region has been shown to be ( 8 ϩ2 4 )Ϫ 9 , a ͑difference͒ totally symmetric band between two degenerate vibrational states, one of them with two quanta of torsional excitation. Though current resolution has not been enough to reveal the efect of the torsional splittings in the recorded spectra, the theoretical background explained in the first part of the present paper will become essential to interpret higher resolution Raman spectra of the degenerate bands of ethane, in an analog way to those of the totally symmetric 3 and '' 1 ϩresonances'' bands. 5, 16 In the case of ( 8 ϩ2 4 )Ϫ 9 , the lack of these splittings, for a state with two quanta of torsional excitation, is a somewhat unexpected result. This, together with previous evidence from the literature, suggests strongly that the torsional motion in the degenerate vibrational states is more complex than in nondegenerate states.
The introduction of a torsionally dependent polarizability tensor allows one to reconcile the apparent contradiction of the Raman activity of the degenerate modes in going from D 3d to G 36 ϩ symmetry groups: the G 36 ϩ ͑floppy͒ model of ethane, a more accurate description, seemed to lose one component of the degenerate Raman vibrations in ethane, while the actual spectra show basically ''D 3d -like'' bands, i.e., whith two components. The operator responsible for the lost component has a sin 3␥ torsional dependence; in turn, the IR active vibrations become Raman allowed through operators with torsional dependences of the form sin 6␥ and cos 3␥. This also allows one to trace a conceptual transition from a D 3d description to a G 36 ϩ one, through the Raman intensity of the degenerate modes: in ethane, where the torsional potential barrier is moderately high, the transition moments of the torsionally dependent operators between torsional levels within the potential well are Ӎ1 if ⌬v 4 ϭ0 for the Raman modes, while for the IR modes they are ϳ0 when ⌬v 4 ϭ0 and become only significantly different from 0 when ⌬v 4 ϭϮ1. As a result of the floppiness, part of the intensity of the ⌬kϭϮ2 component of D 3d ethane ''leaks'' into the IR vibration ͑appropriately combined with a change in the torsional excitation͒; the lower the barrier the greater the intensity transfer. In the limit case of D 3h eclipsed ethane, all the Raman intensity of the ⌬kϭϮ2 component occur with the E 1d ''IR'' mode.
A similar effect can be conceived for the IR intensity, through the torsional dependence of the dipole moment, but in this case no intensity is transferred from the E 1d IR-active mode to the E 2d Raman-active one ͑to the same level of approximation͒. For the E 1d vibration the dipole moment Ϯ1 (1) has a constant term plus a cos 6␥ dependence, while for the E 2d vibration it has a sin 6␥ modulation. This leads to a transition moment that vanishes by symmetry for the ⌬v 4 ϭ0 transitions, and no intensity will be observed in the IR spectrum for transitions to the levels of the Raman fundamental bands. Actually, to our knowledge, no weak absorption in the IR spectrum of C 2 H 6 have been observed that could be attributed to the Raman modes 10 , 11 , or 12 . The Raman-active vibrations become allowed in the IR in the form of combinations or differences with the torsion, but in this case the intensity comes from higher order terms, the equivalent to the g i 's in Eqs. ͑22͒ and ͑25͒, and thus no straightforward relation between the intensity of the IR fundamental band and that of the Raman combination can be derived.
Finally, it is also interesting to comment briefly on the case when the torsional motion is almost free, like in dimethylacetylene. This problem was already studied by Bunker and di Lauro, 46 though from a different point of view. This situation can be considered as intermediate between the two limiting cases of staggered (D 3d ) and eclipsed (D 3h ) models of ethane. Being closer to a free rotation than to a torsional oscillation, the transition moments in Table V of the torsional operators responsible for the Raman intensity are not as clearly defined ͑close to 0 or 1 depending on the value of ⌬v 4 ) as in ethane, but a lot of them will be significantly different from 0, independently of ⌬v 4 . The intensity of the ⌬kϭϮ2 Raman transitions is expected to be split, in comparable amounts, between the two E 1d and E 2d modes, and the E 1d IR-active mode will be observed in the Raman spectrum ͑though with different rotational selection rules than in the IR͒, mixed with the close-lying E 2d Raman-active mode. As a result, the high resolution Raman spectrum of dimethylacetylene 46 is far more complex than in ethane.
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